1. Introduction {#sec1}
===============

Gene fusions are hybrid genes formed by the breakage and re-joining of two different chromosomes, or from intra chromosomal rearrangements due to deletions, insertions or inversions. Gene fusions are often oncogenic, and act as drivers for tumorigenesis through the constitutive activation of protein kinases, deregulation of proto-oncogenes, or disruption of tumor suppressor genes. Detection of defined gene fusions in specific tumor types can guide targeted therapy and provide risk stratification \[[@bib1],[@bib2]\]. In addition, identification of novel gene fusions can provide insights into the mechanism of tumorigenesis, allow for sub-classification of histologically similar tumors and may serve as useful biomarkers for disease progression.

The technologies for the detection of gene fusions have evolved from contemporary sequencing techniques, fluorescence *in situ* hybridization (FISH), immunohistochemistry (IHC), and reverse-transcriptase PCR (RT-PCR) analysis to multiplexed Next-Generation Sequencing (NGS) \[[@bib3],[@bib4]\]. There are inherent drawbacks associated with each method of detection. For example, paucity of tumor cells can increase the likelihood of false-negatives by FISH. RT-PCR is limited to the detection of previously characterized fusion partners. IHC interpretation of different gene fusion partners can be a subject of inter-observer variability. NGS testing is prohibitively expensive for routine clinical use, and its interpretation often requires a sophisticated bioinformatics pipeline \[[@bib5], [@bib6], [@bib7]\]. Irrespective of the technology, identification of gene fusions together with DNA variants in solid tumors is extremely informative for the treating physician.

At our institution, we routinely utilize a targeted, cancer specific DNA hotspot panel for the detection of single nucleotide variant (SNV), insertions and deletions (indels) from Formalin-fixed paraffin embedded (FFPE) or frozen tissue. Assays with larger panels, such as cancer Whole Exome Sequencing (cWES) or transcriptome analysis, are reserved for pediatric patients or patients with advanced disease. Recently, a custom RNA Fusion Panel using Anchored multiplex PCR (AMP) technology (ArcherDX, Boulder, CO, USA) was introduced into our testing menu. This technology targets chromosomal breakpoints, which can fuse with known or novel partners, thus facilitating the identification of new cancer driver fusions \[[@bib8]\]. Several studies have documented the application of this technology for detection of fusions in solid tumors and hematological malignancies \[[@bib9], [@bib10], [@bib11]\].

In this report, we successfully validated an RNA fusion panel based on AMP technology targeting 17 cancer driver genes with clinically relevant fusions in lung, thyroid, brain, breast and gastrointestinal tumors ([Table 1](#tbl1){ref-type="table"}). As part of the validation, we undertook an in-depth examination of the quality indicators of the fusion panel as per the guidelines from the New York State Department of Health (NYSDOH) \[[@bib12]\]. Our validation also incorporated the prerequisites detailed in the consensus recommendation of the Association for Molecular Pathology and College of American Pathologists \[[@bib13]\]. This report provides details for addressing the four main components of validation, namely accuracy, precision, reproducibility and limit of detection or sensitivity. In addition, we provide our experience with a sequential testing algorithm, whereby samples negative for DNA variants (based on a hotspot panel) were then reflexed to RNA fusion testing. By adopting this process, we were able to increase the overall diagnostic yield with minimal increase in turn-around time and reduction in overall cost. Finally, we discuss the clinical utility of RNA-based fusion detection in an academic oncology practice.Table 1Gene details for fusion drivers in the panel.Table 1Target GeneNCBI_reference_sequenceTarget_exons***ALK***NM_0043042,4,6,10,16,17,18,19,20,21,22,23,26***AXL***NM_02191318,19,20***BRAF***NM_0043331,2,3,7,8,9,10,11,12,13,15,16***EGFR***NM_0052281,7,8,9,16,19,20,24,25***FGFR1***NM_0158502,3,4,5,6,7,8,9,10,11,12,17***FGFR2***NM_0001412,5,7,8,9,10,16,17***FGFR3***NM_0001423,5,8,9,10,16,17,18***MET***NM_0002452,4,5,6,13,14,15,16,17,21***MYB***NM_0011301737,8,9,11,12,13,14,15,16***NRG1***NM_0044951,2,3,4,6,8***NTRK1***NM_0025292,4,6,8,10,11,12,13***NTRK2***NM_0061805,7,9,11,12,13,14,15,16,17***NTRK3***NM_0025304,7,10,12,13,14,15,16***PDGFRA***NM_0062067,10,11,12,13,14,15***PPARg***NM_0158691,2,3***RET***NM_0209752,4,6,8,9,10,11,12,13,14***ROS1***NM_0029442,4,7,31,32,33,34,35,36,37***THADA***NM_02206524,25,26,27,28,29,30,36,37

2. Materials and methods {#sec2}
========================

2.1. Patient samples and nucleic acid extraction {#sec2.1}
------------------------------------------------

A total of forty-four formalin-fixed, paraffin-embedded (FFPE) or fresh-frozen tissue, 34 of which had confirmed fusions and 10 fusion-negative samples were used to establish the accuracy and the specificity of the assay. Of the 44 patient specimens, 37 were slides with FFPE tumor tissue from surgical and/or cytology specimens, and the remaining 7 patient samples were from fresh and/or frozen tissue. The samples represented non-small cell lung cancer (NSCLC), thyroid cancer, skin, glioblastomas and gastrointestinal tumors containing at least 20% tumor. The validation samples had fusions that were previously confirmed by orthogonal assays performed in accredited clinical laboratories including FISH (N ​= ​5), WES (N ​= ​6), Real-time PCR (N ​= ​9), NGS based targeted assays (N ​= ​5), RNA-fusion assays (N ​= ​7), and transcriptome analysis (N ​= ​12).

5-10 unstained slides with 5-μm sections were obtained from FFPE tumor tissue. The tumor-enriched area was encircled on the hematoxylin and eosin--stained slides and the neoplastic cellularity of the selected area was estimated by a molecular genetic pathologist. The scored slide was used to guide the macrodissection of tumor cells from the unstained slides. Microdissection was performed on cases where the tissue was fragmented and/or pauci-cellular. The tumor percentage in the samples selected ranged from 20 to 80%. Tumor DNA and RNA was extracted from FFPE tissue using the Qiagen AllPrep DNA/RNA FFPE kit and Qiacube protocol (QIAGEN, Hilden, Germany). RNA from frozen tissue was extracted using Qiagen RNeasy RNA extraction kit. After extraction, RNA was quantified using the Qubit fluorometric quantification system (Thermo Fisher Scientific, Waltham, MA).

2.2. Analysis of gene fusions {#sec2.2}
-----------------------------

Total input RNA (range 20--50 ​ng) from each sample was used for cDNA library preparation using custom primers with Archer FusionPlex reagents (ArcherDX, Boulder, CO, USA) per manufacturer's recommendation. Briefly, after preparation of cDNA with random priming, the library was subjected to a cDNA quality check (PreSeq quality check) using a quantitative PCR (qPCR) assay that uses KAPA SYBR® FAST qPCR Master Mix (KAPA Biosystems, Wilmington, MA, USA). AMP chemistry then uses molecular barcodes along with universal primer binding sites to ligate with the double stranded cDNA library for selection of fragments with known and novel fusion partners. Subsequent annealing with gene-specific primers that target the 17 genes in the fusion panel results in PCR amplification of the fusion product. The resulting NGS library is quantified using KAPA SYBR® FAST qPCR Master Mix, normalized and then sequenced on the MiSeq (Illumina) using the MiSeq v2 or MiSeq v3 Reagent Kit according to manufacturer's instructions (Illumina, San Diego, CA). Briefly, pooled libraries were denatured, diluted to 10--15 ​pmol/L and loaded on a flow cell. Data Analysis for the identification of relevant fusions was performed using Archer Analysis software version 5.2 (ArcherDX, Boulder, CO, USA). Fastq files were also parsed through an updated version of the software (v 6.0.2).

2.3. Controls for monitoring quality and performance {#sec2.3}
----------------------------------------------------

**Internal controls** for the purpose of monitoring the overall quality of the sample are built into the assay. These include housekeeping genes *CHMP2A, RABA7A, GPI* and *VCP*. Amplification of these genes is used by the Archer software to assess RNA quality. The inability of the software to detect these genes is considered a run failure.

**Reference standards** for monitoring the analytical performance of the assay were incorporated into every run. The Seraseq Fusion RNA Mix v3 (SeraCare Life Sciences, Milford, MA, USA) is a reference standard containing a total of 16 clinically relevant fusion transcripts (14 gene fusions and 2 oncogenic isoforms) that are engineered into a well-characterized cell line backbone and quantified with digital PCR (Supplementary Table\_ S1). The percentage of reads that spanned the fusion junction served as a quality control parameter for assay performance. This reference standard was also used for assessing the analytical sensitivity of the assay. Please note that our RNA fusion panel did not interrogate fusions in the *ERG* gene and was unable to detect the TMPRSS2-ERG fusion present in the Seraseq reference control. We therefore used the control to monitor 15 transcripts, including 13 gene fusions and 2 oncogenic isoforms.

2.4. Quality metrics for RNA fusions {#sec2.4}
------------------------------------

To ensure optimal sequencing quality for variant analysis, all samples had to meet the following criteria ([Fig. 1](#fig1){ref-type="fig"}A): PreSeq quality check (PreSeq score): Ct (crossing threshold) value by qPCR ≤31 for cDNA; At least 500,000 total reads; and ≥10 unique RNA Start Sites (SS) for per Gene Specific Primer 2 (GSP 2).Fig. 1QC algorithm applied to prioritize and assess the fusions from the Targeted RNA NGS Fusion Assay.Fig. 1

Samples with detectable fusions had to meet the following additional criteria ([Fig. 1](#fig1){ref-type="fig"}B): Number of supporting reads spanning the fusion junction ​≥ ​5; Percentage of supporting reads spanning the fusion junction ≥10%; Number of unique start sites (SS) for the fusion sequenced specific primer ​≥ ​3.

2.5. Inspection of RNA fusions identified: Fusions; gene translocations; rearrangements; oncogenic isoforms {#sec2.5}
-----------------------------------------------------------------------------------------------------------

RNA fusions need to be in frame in order to generate productive transcripts. All structural variants, including in-frame gene fusions, rearrangements and translocations as well as oncogenic isoforms resulting from deletions of whole exons, were subject to further evaluation ([Fig. 1](#fig1){ref-type="fig"}C). Databases with details for documented fusions were used to authenticate the fusion sequence identified. Known fusions were queried using Quiver (a database owned and maintained by ArcherDX), fusion database and/or publications from peer-reviewed journals. The fusion transcript sequenced from both known and novel fusions was viewed in JBrowse and the exact position of sequences were accurately mapped and confirmed using BLASTn using the human genomic plus transcript database \[[@bib14],[@bib15]\]. Identification of both gene partners in the sequence were used as primary evidence for the identification of the fusion. For confirmation of novel fusions, gene-specific primers spanning the fusion junction in the transcript were synthesized and the sequences of amplified product were confirmed using Sanger sequencing. When needed, fusions identified by Quiver, especially for *MET* exon 14 skipping events that did not meet the set quality metrics were then reflexed to a targeted NGS hot spot panel to detect splice site variants resulting in *MET* exon14 skipping. Two other variants, one with a *NTRK3* fusion and the other with a ROS1 fusion were confirmed by RT-PCR.

2.6. On-going monitoring for quality assurance {#sec2.6}
----------------------------------------------

To ensure optimal ongoing performance of the assay, the percentage of reads spanning the fusion junction of the 13 fusions and 2 oncogenic isoforms in the reference standard were monitored in every run in a Levey-Jennings chart \[[@bib16]\]. The initial parameters of mean ± 3SD (standard deviations) were set using data obtained from fifteen individual runs of the Seraseq Fusion RNA reference standard ([Fig. 3](#fig3){ref-type="fig"}). The percentage reads for all 15 variants in the reference standard are expected to fall within the set range. Outliers that are out of range for more than 2 consecutive runs were further evaluated.

2.7. Algorithm for identification of DNA and RNA variants in a single sample {#sec2.7}
----------------------------------------------------------------------------

In contrast to assays that interrogate DNA and RNA variants concurrently, we developed a sequential approach for identification of both types of variants. The algorithm used is depicted in [Fig. 2](#fig2){ref-type="fig"}. Briefly, after enrichment for tumor cells, both DNA and RNA were extracted simultaneously. This was followed by DNA variant analysis (Day 2--4) and reporting of results on Day 5. At this point, cases with no identifiable drivers were processed for the fusion assay (Day 6--8) and resulted on Day 8 or 9.Fig. 2Overview of RNA fusion transcript reflex testing scheme.Fig. 2Fig. 3Percentage of reads corresponding to individual fusions in the reference standard. Data shown are mean percentage of reads ​± ​SDs from fifteen individual runs.Fig. 3

3. Results {#sec3}
==========

3.1. Accuracy of the fusion assay {#sec3.1}
---------------------------------

Ten of the seventeen fusion genes and the two oncogenic isoforms were fully validated as per the NYSDOH guidelines \[[@bib12]\]. Fusions in *ALK, BRAF, EGFR, FGFR1, FGFR3, MET, NTRK1, NTRK3, RET, ROS1* genes, as well as oncogenic isoforms resulting from deletions in exons 2--7 in *EGFR* (EGFRvIII) and exon 14 for *MET* (exon 14 skipping) were tested on three patient samples with previously confirmed fusions by orthogonal assays in accredited clinical laboratories.

All forty-four sequenced samples passed pre-sequencing and sequencing quality metrics and were considered informative. The median Ct values for PreSeq for all cases was 27.9 (range 24.3--30.92). The average supporting reads across the 34 validation samples was 560 (range 8--3540) and the average % of reads was 52 (range 14--100). The average number of unique start sites across the samples was 91 (range 7--378). Additional quality metrics including total number of fragments sequenced, were also met for all specimens (see [Supplementary Table S2](#appsec1){ref-type="sec"} for details). The specific exons involved in the fusion transcript identified are provided for all samples. A sample with a EZR - ROS1 fusion showed a lower % reads than recommended. This sample also had a less than optimal Preseq value of 31.45. We included this sample because it was not possible to obtain additional samples with known ROS1 fusions. The specificity of the assay for the identification of variants is 100%. One specimen with a positive *ALK* fusion as determined by FISH was shown to have fused with a new gene partner*, SLMAP*. The SLMAP-ALK gene fusion was confirmed by Sanger sequencing, and has since been reported \[[@bib17]\].

3.2. Reproducibility and precision {#sec3.2}
----------------------------------

All 10 genes that were fully validated for accuracy were also validated for precision and reproducibility as per NYSDOH guidelines \[[@bib12]\]. This included running three replicates for each fusion, on three different days/runs, using two different technologists ([Table 2](#tbl2){ref-type="table"}). This was accomplished by testing gene fusions individually or in combination as mixtures. Patient specimens with confirmed fusions in *ALK*, and *NTRK* genes were included in Fusion Mix 1. Fusion Mix 2 harbored *BRAF* and *FGFR3* gene fusions. These mixtures were created by mixing equal amounts of RNA from previously run specimens, and the selected cases showed comparable quality metrics with similar Preseq Ct, unique reads, unique start sites and percent (%) reads. Performing precision and reproducibility studies on mixtures rather than individual gene-fusions is practical from a cost and time perspective as it reduces the number of required runs. The precision and reproducibility of fusion identification in the reference standard was assessed with data obtained from fifteen different runs that had incorporated controls. The performance of the fusions in the reference standard was similar to that expected as per manufacturer data ([Fig. 3](#fig3){ref-type="fig"}). The standard deviation bars point towards the excellent reproducibility of the control for most fusions. The greatest standard deviation was observed for *MET* exon14 oncogenic isoform.Table 2Precision and reproducibility of the RNA fusion Panel.Table 2Precision of the Assay for Detection of FusionsReplicateGene FusionChromosomal BreakpointRead%Unique SSPreseq-CTAverage Read%Std dev**1FGFR3 (ex 15)-TACC3 (ex 10)**chr4:1808661,chr4:17393259.84527.67**8.732.67Mix 1KIAA1549 (ex15)-BRAF (ex 9)**chr7:138552721,chr7:14048738425.634**24.601.652FGFR3 (ex 15) -TACC3 (ex 10)**chr4:1808661,chr4:173932510.73727.31**Mix 1KIAA1549 (ex15) - BRAF (ex 9)**chr7:138552721,chr7:14048738422.721**3FGFR3 (ex 15) - TACC3 (ex 10)**chr4:1808661,chr4:17393255.72227.28**Mix 1KIAA1549 (ex15) - BRAF (ex 9)**chr7:138552721,chr7:14048738425.527**1TPM4 (ex 7) - ALK (ex 20)**ch19:16204563,chr2:2944639481.81528.79**86.704.67Mix 2ETV6(ex 5) - NTRK3 (ex 14)**chr12:12022903,chr15:8848398468.513**65.736.272TPM4 (ex 7) - ALK (ex 20)**ch19:16204563,chr2:2944639487.210725.92**Mix 2ETV6(ex 5) - NTRK3 (ex 14)**chr12:12022903,chr15:8848398469.266**3TPM4 (ex 7) - ALK (ex 20)**ch19:16204563,chr2:2944639491.18826.01**Mix 2ETV6(ex 5) - NTRK3 (ex 14)**chr12:12022903,chr15:8848398469.558**1EGFRvlll (ex1-ex8)**chr7:138552721,chr7:14048738429.22229.1**32.873.362EGFRvlll (ex1-ex8)**chr7:138552721,chr7:14048738435.82329**3EGFRvlll (ex1-ex8)**chr7:138552721,chr7:14048738433.62528.61**1MET ex14 (ex13 - ex15)**chr7:116411708,chr7:11641493546.41927.81**39.507.892MET ex14 (ex13 - ex15)**chr7:116411708,chr7:11641493530.91427.97**3MET ex14 (ex13 - ex15)**chr7:116411708,chr7:11641493541.22227.31**1EZR(ex9) - ROS1(ex34)**chr6:159191796,chr6:11764557843.51928.69**46.754.602EZR(ex9) - ROS1(ex34)**chr6:159191796,chr6:117645578501528.9**3EZR(ex9) - ROS1(ex34)**chr6:159191796,chr6:117645578NDNDND**1CCDC6(ex1) - RET(ex12)**chr10:61665880,chr10:4361203291.313325.81**89.102.032CCDC6(ex1) - RET(ex12)**chr10:61665880,chr10:4361203287.310925.8**3CCDC6(ex1) - RET(ex12)**chr10:61665880,chr10:4361203288.715025.84[^2][^3][^4][^5]

3.3. Sensitivity of the fusion assay {#sec3.3}
------------------------------------

Unlike the DNA hotspot NGS assays, quantification of the RNA fusions and assessment of assay sensitivity is challenging. To circumvent this, we utilized SeraSeq reference standards and quantified fusion copy numbers using digital droplet PCR. As shown in [Fig. 4](#fig4){ref-type="fig"}- number of copies detected ranged from 0 to 100,000 per reaction. The known number of copies were correlated with the number of reads obtained in the fusion NGS assay. The linearity depicts the overall robustness of the assay for identification of fusions in specimens that harbor a wide linear range of fusion transcripts. Notably, the total number of reads spanning the junction of the *ROS1* fusion and the *MET* oncogenic isoform were significantly lower, and these fusions showed lower degree of linear correlation with copy number. Interestingly, results obtained during validation and after implementation of the assay often showed a transcript in the *ROS1* gene that the software reads as "unaligned". Though these samples meet the assay QC metrics, these results are likely false-positive as the transcript was out-of-frame. Similar spurious events were also seen in samples with lower levels of input RNA.Fig. 4Correlation between number of fusion copies obtained from reference standards using digital droplet PCR with the number of reads obtained in the RNA fusion NGS assay. Fusion copies/reaction, number or reads are represented for each standard. Values are represented in logarithmic scale.Fig. 4

3.4. Performance of the NGS RNA fusion assay for patient management {#sec3.4}
-------------------------------------------------------------------

The 17 gene fusion panel has been successfully incorporated into the routine testing menu of our NYS certified clinical laboratory. To make the testing informative for patient care and cost-effective for the laboratory, all lung and thyroid cancer samples lacking somatic driver mutations based on DNA hotspot panel were then routinely interrogated for RNA fusion drivers.

A total of 407 lung adenocarcinomas underwent DNA hotspot panel testing during a two-year period (September 1, 2017 to September 1, 2019). Of these, 95 (23%) were negative for somatic driver mutations and underwent successful sequencing for the detection of fusion transcripts. Fusions were seen in 43 cases. These included 19 *ALK* (all positive by IHC and FISH); 13 *MET* exon14 skipping; 3 *ROS1*; 2 *RET*, 2 *NRG1*, one of each *AXL*, *NTRK3*, *FGFR3* and *EGFRvIII* ([Fig. 5](#fig5){ref-type="fig"}). One novel *ALK* fusion transcript (SLMAP-ALK) was detected and subsequently confirmed with Sanger sequencing \[[@bib17]\]. Interestingly, the fusion assay also detected 2 *MET* exon 14 skipping events that were not otherwise identified with the our targeted-NGS DNA assay. Further examination of primer details revealed a potential for the DNA assay to miss *MET*-exon14 mutants due to lack of coverage in intron 13 and the 3′ splice site, compared to the 5' splice site of intron 14.Fig. 5Pie diagram depicting number of DNA driver-negative NSCLC cases with positive fusion transcripts detected. Data shown is obtained from a total of 95 cases.Fig. 5

A total of 48 thyroid atypia of undetermined significance (AUS) underwent DNA hotspot panel testing during the two-year period. Of these, 38 (79%) were negative for somatic driver mutations, and 22 underwent successful sequencing for the detection of fusion transcripts. Three clinically relevant fusions, one PAX8-PPARG, one ESYT2-BRAF (novel to thyroid tumors) and one uncommon STRN-ALK fusion were identified.

4. Discussion {#sec4}
=============

Targeted assays using AMP technology are increasingly used by clinical laboratories to identify fusions in FFPE tumor tissue for patients with various cancers \[[@bib18],[@bib19]\]. Since AMP technology enables the detection of novel fusions at the RNA transcript level, positive findings help to expand the landscape of tumor drivers and identify therapeutic targets. Our panel covered clinically relevant RNA fusions and oncogenic isoforms recommended for testing according to the NSCLC professional guidelines \[[@bib20]\]. The custom panel we utilized was aimed at incorporating the detection of gene fusions into our routine diagnostic algorithm in order maximize patient benefit in a cost-effective manner.

The accuracy of the assay for detection of fusions and rearrangements involving deletions and splice variants is noteworthy. Reproducibility, robustness and sensitivity studies indicate that this assay can reliably detect 50 digital copies of the fusion transcript.

The QC parameters that dictate the metrics required for qualifying a clinical assay are of utmost importance for measuring the analytical performance of the assay. DNA targeted assays appear to have risen to good standard of performance as measured by proficiency testing parameters instituted by CAP and other regulatory bodies \[[@bib13],[@bib21]\]. In contrast, testing for RNA fusions utilizes different principle of detection and as such currently lacks standardization. For example, the FDA approved Oncomine Focus Assay (ThermoFisher scientific) employs primers that span the chromosomal breakpoints of known fusion transcripts. This targeted NGS assay, by virtue of its chemistry generates significantly greater number of supporting reads that span the interrogated gene fusion. On the other hand, whole transcriptome analysis has the ability to detect all potential fusions in the genome, though the sensitivity of the assay can be limited by pre and post-analytical factors such as RNA input and sophisticated bioinformatics \[[@bib22],[@bib23]\]. Therefore, unlike DNA based assays that detect single nucleotide variants (SNV) and insertions or deletions (Indels) in cancer, comparisons using common denominators such as mutant allelic fraction (MAF) cannot be used in the currently utilized RNA fusion assays.

Hence, choosing the right QC metrics and using reference standards for understanding and evaluating the performance of the assay is extremely valuable. Using the quantified reference standard as a determinant of sensitivity has helped us to identify potential weak spots in our fusion assay. While weak suboptimal performance in a DNA assay can be easily measured by uniformity and depth of coverage, the AMP assay technology does not lend itself to these options. Instead, misprimimg, leading to transcripts that are unaligned or out-of-frame is sometimes evident. These artifacts are more apparent in samples with very low levels of fusion transcripts and fusions with multiple breakpoints within the same exon of the fusion partner. In our hands, the latter issue is evident for *ROS1* gene fusions. Monitoring the performance of the assay with a well characterized reference standard is central to troubleshooting and interpretation of results. As seen in this study, the fusions with the greatest deviation from the mean, likely depict transcripts that are more sensitive to assay variability, including kinetics of the assay. Our data suggests that using a single fusion gene target is not ideal to assess the performance of an NGS assay, hence we advocate the use of multiple gene targets.

Examination of the fusion transcript for alignments to the reference genome is an essential measure of quality control. This is particularly true for new and novel fusion partners that are detected by the AMP assay. Over the past year, we have detected two novel fusions, SLMAP-ALK in lung cancer \[[@bib17]\] and an ESYT2-BRAF fusion in a thyroid tumor. Both fusions were valid and confirmed by Sanger sequencing. Future *in vitro* studies are needed to better understand the significance of these novel fusion genes.

Prior to implementation of the fusion assay, our targeted 47 gene NGS panel was used for the detection of DNA variants in patients with NSCLC. We assessed the value of adding the fusion panel to our battery of tests for patients with NSCLC. When analyzed independently, our targeted DNA NGS panel was able to detect clinically informative variants (*BRAF, EGFR, KRAS, ERBB4, MET, STK11*) in 77% of NSCLC patients (312 out of 407 cases). After implementation of the fusion panel, fusion transcripts were identified in 43 out of 95 cases, increasing the percentage of clinically informative variants to 87%. Likewise, in patients with thyroid cancer, implementation the fusion assay increased the percentage of clinically relevant variants from 21% to 27%. On another note, when compared to platforms that interrogate DNA and RNA concurrently, reflex RNA testing on samples negative for driver mutations on the DNA panel reduces the number of tests performed by 30--35%. This indeed results in cost savings for the performing laboratory.

Excluded from this analysis is the fact that identification of *ALK* fusions are also performed using IHC and FISH. While these methodologies are rapid and robust, they may not be able to distinguish between classic and novel fusion partners. In our study, the patient with non-*EML4* partner to *ALK* showed diffuse granular cytoplasmic staining by IHC and was positive for rearrangement by FISH with *ALK* break-apart probe. The main advantage of the specificity of gene fusion partners at the exon and chromosomal breakpoint level, is to monitor the patient for minimal residual disease and/or the evolution of new or drug resistant clones. In this regard, monitoring of fusions in circulating tumor DNA (ctDNA) in plasma is proving to be a useful tool.

5. Conclusion {#sec5}
=============

In summary, our validation systematically delineates NYSDOH requirements and AMP/CAP guidelines for a sequential DNA/RNA approach to identify gene fusions in a cost-effective manner. Quality control criteria utilized at library prep and sequencing stages support the detection and identification of true fusions. Benchmarks for querying the fusion add to the confidence level of a positive result. Integration of a multiplexed reference standard in every run helps to monitor the quality of the run and the integrity of the assay reagents. Finally, using a sequential approach for detection of SNVs and indels in DNA, followed by RNA fusions appears to provide a comprehensive solution for the identification of known and novel targetable variants in FFPE samples from cancer patients.
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Supplementary data to this article can be found online at <https://doi.org/10.1016/j.plabm.2020.e00173>.

[^1]: Authors contributed equally.

[^2]: ND: Not Done.
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